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Summary Information 




Title :'jPinl Peptidyl-Prolyl Cis-Trans Isomerase From Homo] 
J Sapiens ' 

Compound! Mol_Id: 1; Molecule: Peptidyl-Prolyl Cis-Trans ; 
j Isomerase; Chain: A; Synonym: Pinl; Ec: 5.2.1,8; 
; Engineered: Yes ! 

Mol_Id: 2; Molecule: Ala-Pro Dipeptide; Chain: B; 

Engineered: Yes 

Author si i. P. Noel, R. Ranganathan, T. Hunter 

> I I 
Exp. Method:\X-ray Diffraction ! 

Classification^ Complex (Isomerase/Dipeptide) 
EC Number: 5.2.1.8 (Peptidylprolyl isomerase) 
Source:Jllomo sapiens 
Primary Citation:: Ranganathan. R. . Lu, K. P. y Hunter. T. , Noel. J* P. : / 
[Structural and functional analysis of the mitotic rotama: 
..]Pinl suggests substrate recognition is phosphorylation 
dependent Cell S9 pp. 875 (1997) / I s 

[ Medline ] ; 



rjlJ I 



SearchLite SearchFields 



^Deposition Date: 21-Jun-1998 , 



if. A. i H .1 l I / 

f Release Date: 14-Oct-1998 :*i 



Resolution [A]: 135 R-Value: 0.223 

Space Group: P 4^ 2| 2 

Unit Cell: dim [A]: a 49.00 b 49.00 c 137.80 
angles [°J: alpha 90.00 beta 90.00 gamma 90.00 



Polymer Chains: A, B Residues: 165 

Atoms: 1458 



HET groups: 
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CATH: Structural Classification 
PDBSum: Summary of PDB Structure 
SCOP: Structural Classification 

©RC 
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CATH Search: lpin 



CATH PDB code search 

Search results for lpin 

Found 1 related domain 

Domain CATH code Length 

lpinAO 3.40.940.10 153 
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Ipin Chain A Summary page 



COMPLEX ISOMER ASE/DIPEPTLDE MOLJD: L; MOLJD: L; 
Sequence: 

K.LP PG WE KRM5 RSS G R VY Y FN HtTN AS Q WER PS GG K.NG Q GE PA R V R C5H LL VK.HSQS R R PSS WR Q EKITR 
TKEE AL ELtN G YIQ KIKS G EED FES L A5Q FSD CSS A K AR G D LG AF5 R GQM QJCP FE DAS FA LRT GEMS G FV 
FTDSGLHULRTE 

Number of residues is: L53 
Percentage of strand is: 22.9 Percentage of alpha helix is: 22 L 2 Percentage of 3, LO helix is: 3.3 



Secondary Structure Summary: 
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Structure viewers 



PDB id: lpin 

Complex (isomerase/dipeptide) 

Title: Pinl peptidyl-prolyl cis-trans isomerase from homo sapiens 

Structure: Peptidyl-prolyl cis-trans isomerase. Chain: a. Synonym: pin L 
Engineered: yes. Ala-pro dipeptide. Chain: b. Engineered: yes 
Source: Homo sapiens. Human. Celljine: hela cell. Gene: pinl. Expressed 
in: escherichia coll Other _de tails: using the human gene, the protein was 
overexpressed in escherichia coll Synthetic: yes 

Resolution: 1.35 A. R-factor: 0.223. R-free: 0.266. 

Authors: J.P.Noel, R.Ranganathan, T.Hunter 

Date: 21-Jun-98 




SWISS-PROT code: PIN1 HUMAN \ 



Enzyme class from PDB file: E.C.5.2.1.8 



E.C.->PDB 




Molecule(s) in PDB file lpin: 



Chain A ( 153 residues ) 



structural classification ( 1 domain) : 



Links CATH no. Class Architecture 
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VM 3.40.940.10 -> Alpha Beta 3-Layer(aba) Sandwich 



k A 



KLPP GWEKRMS RSSG RVYY FNH I TN AS QWE R P SG GKNG QG E P ARVR CS HL LVKHS Q 5 R 

2 5 S 5 a5 55 5 55 55 3 5 

Hi _ _ _ _ a H2_ _ Hi _ k B 




RP 5SWRQEK I 7 RTKEE ALEL I NGY TQK T KSG EEPFE5 L A5QFSPCS S AKARGDLG AF5RG 




QMQKPFEDA5FALRTGEM5GPVFTD5G I HI I LRTE 

il9 i35 i3o i35 i3o [35 [55 

Active site:- *7 ACT Residue ihtelactbhs:- ■ with lig^tid 



View chain A alone. 



Postscript 
version 




• PROMOTIF summary : 

2 sheets , 7 strands , 4 helices , 15 beta turns , 1 gamma turn , 3 beta bulges , 4 beta hairpins . 

• Active site: V ACT 

• TOPS protein topology cartoon 
annotated FASTA alignment of related sequences in the PDB 



PROSITE patterns present in this chain:- 

1. PS01096 - PPICPPIASE. 

□ Phel03->Glyl23: FESLASQFSDCSSAKARGDLG 

2. PS01159 - WW DOMAIN 1, 

□ Trpll->Pro37: WEKRMSRSSGRVYYFNHITNASQWERP 

Use the check-boxes to select pattern(s) to view on the 3D structure in RasMol, and press: 



MolScript picture (PostScript file) 



• Ligand: ALA-PRO ( 2 residues ) 

• Sc h e mat i c diagram of mole cul e 

• Raster3D picture of molecule 

• LIGPLOT of interactions 
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• 2 x Ligand: IPG - Representative polyethylene glycol fragment Formula: 2(C11 H24 06) 

• Schematic diagram of molecule 

• Raster3D picture of molecule 

• LIGPLOT of interactions 



• Ligand: SQ4 - Sulfate ion Formula: 04 SI 2- 

• Schematic diagram of molecule 

• Raster3D picture of molecule 

• LIGPLOT of interactions 

• 204 water molecules. 
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COMPLEX ( I SOMERASE/DI PEPTIDE) 21-JUN-98 1PIN 

PIN1 PEPT IDYL- PROLYL CIS-TRANS ISOMERASE FROM HOMO SAPIENS 
MOL_ID: 1; 

2 MOLECULE: PEPT IDYL- PROLYL CIS-TRANS ISOMERASE; 

3 CHAIN: A; 

4 SYNONYM: PIN1; 

5 EC: 5.2.1.8; 

6 ENGINEERED: YES; 

7 MOL_ID: 2; 

8 MOLECULE: ALA-PRO DIPEPTIDE; 

9 CHAIN: B; 

10 ENGINEERED: YES 
MOL_ID: 1; 

2 ORGANISM_SCIENTIFIC: HOMO SAPIENS; 

3 ORGANISM_COMMON: HUMAN; 

4 CELL_LINE: HELA CELL; 

5 GENE: PIN1; 

6 EXPRESSION_SYSTEM: ESCHERICHIA COLI; 

7 EXPRESSION_SYSTEM_STRAIN: BL21 (DE3); 

8 EXPRESSION_SYSTEM_CELLULAR_LOCATION: CYTOPLASM; 

9 EXPRESSION_SYSTEM_VECTOR_TYPE: PLASMID; 

10 EXPRESSION_SYSTEM_PLASMID: PET28A{+); 

11 OTHER_DETAILS: USING THE HUMAN GENE, THE PROTEIN WAS 

12 OVEREXPRESSED IN ESCHERICHIA COLI ; 

13 MOL_ID: 2; 

14 SYNTHETIC: YES 

PEPT IDYL- PROLYL CIS-TRANS ISOMERASE, ROTAMASE, 
2 COMPLEX ( I SOMERASE/DI PEPTIDE) 
X-RAY DIFFRACTION 

J . P . NOEL , R . RANGANATHAN , T . HUNTER 



25-NOV-98 1PINA 



14-OCT 
AUTH 
TITL 
TITL 
TITL 
REF 
RE FN 



-98 1PIN 



3 
3 
3 
3 
0 



HET COMPND REMARK TITLE 
HETATM SEQADV HEADER SOURCE 
SEQRES FORMUL KEYWDS CONECT 
HETNAM 



R . RANG AN AT HAN , K . P . LU , T . HUNTER, J . P . NOEL 
STRUCTURAL AND FUNCTIONAL ANALYSIS OF THE MITOTIC 
ROTAMASE PIN1 SUGGESTS SUBSTRATE RECOGNITION IS 
PHOSPHORYLATION DEPENDENT 

CELL (CAMBRIDGE, MAS S. ) V. 89 875 1997 

ASTM CELLB5 US ISSN 0092-8674 0998 



1 
1 
1 
1 
1 
1 
1 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 



REFERENCE 1 
AUTH K . P . LU , S . D . HANES , T . HUNTER 

A HUMAN PEPT IDYL- PROLYL ISOMERASE ESSENTIAL FOR 
REGULATION OF MITOSIS 
NATURE v 

ASTM NATUAS UK ISSN 0028-0836 0006 



TITL 
TITL 
REF 
RE FN 



380 544 1996 



RESOLUTION. 1.35 ANGSTROMS, 



REFINEMENT , 
PROGRAM 
AUTHORS 



X-PLOR 3.851 
BRUNGER 



DATA USED IN REFINEMENT. 
RESOLUTION RANGE HIGH (ANGSTROMS) 
RESOLUTION RANGE LOW (ANGSTROMS) 
DATA CUTOFF (SIGMA (F) ) 

DATA CUTOFF HIGH (ABS(F)) 



1.35 
6.00 

0 

1000000 
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DATA CUTOFF LOW (ABS(F)) 
COMPLETENESS (WORKING+TEST) {%) 
NUMBER OF REFLECTIONS 

FIT TO DATA USED IN REFINEMENT. 
CROSS-VALIDATION METHOD 
FREE R VALUE TEST SET SELECTION 
R VALUE (WORKING SET) 

FREE R VALUE 

FREE R VALUE TEST SET SIZE (%) 
FREE R VALUE TEST SET COUNT 
ESTIMATED ERROR OF FREE R VALUE 



0.1 

95 

31532 



THROUGHOUT 

RANDOM 

0.223 

0.266 

5 

1678 
0.01 



FIT IN THE HIGHEST RESOLUTION BIN. 
TOTAL NUMBER OF BINS USED 
BIN RESOLUTION RANGE HIGH (A) 
BIN RESOLUTION RANGE LOW (A) 
BIN COMPLETENESS (WORKING+TEST) (%) 
REFLECTIONS IN BIN (WORKING SET) 

BIN R VALUE (WORKING SET) 

BIN FREE R VALUE 

BIN FREE R VALUE TEST SET SIZE (%) 
BIN FREE R VALUE TEST SET COUNT 
ESTIMATED ERROR OF BIN FREE R VALUE 



12 

1.35 
1.39 

69 

2054 
0.377 
0.372 
5 

106 
0.05 



NUMBER OF NON-HYDROGEN ATOMS USED IN REFINEMENT 



PROTEIN ATOMS 
NUCLEIC ACID ATOMS 
HETEROGEN ATOMS 
SOLVENT ATOMS 



1214 
0 

41 
204 



B VALUES. 
FROM WILSON PLOT (A**2) 
MEAN B VALUE (OVERALL, A**2) 

OVERALL ANISOTROPIC B VALUE . 



NULL 
20 



Bll 
B22 
B33 
B12 
B13 
B23 



(A**2) 
(A**2) 
(A**2) 
(A**2) 
(A**2) 
(A**2) 



NULL 
NULL 
NULL 
NULL 
NULL 
NULL 



ESTIMATED COORDINATE ERROR. 
ESD FROM LUZZATI PLOT 
ESD FROM SIGMAA 
LOW RESOLUTION CUTOFF 



CROSS-VALIDATED ESTIMATED COORDINATE ERROR. 



(A) 


: LNUJ_i±j 


(A) 


: NULL 


(A) 


: NULL 



ESD FROM C-V LUZZATI PLOT (A) 
ESD FROM C-V SIGMAA (A) 

RMS DEVIATIONS FROM IDEAL VALUES. 



BOND LENGTHS 
BOND ANGLES 
DIHEDRAL ANGLES 
IMPROPER ANGLES 



(A) 

(DEGREES) 
(DEGREES) 
(DEGREES) 



NULL 
NULL 



0.008 
1.78 
NULL 
1.27 



ISOTROPIC THERMAL MODEL : RESTRAINED 
ISOTROPIC THERMAL FACTOR RESTRAINTS. 
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MAIN-CHAIN BOND 
MAIN-CHAIN ANGLE 
SIDE-CHAIN BOND 
SIDE-CHAIN ANGLE 



NCS MODEL 



NULL 



NCS RESTRAINTS. 
GROUP 1 POSITIONAL 
GROUP 1 B- FACTOR 



(A**2) 
(A**2) 
(A**2) 
(A**2) 



(A) 
(A**2) 
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; 2 


0 


1 


5 


; 1 
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; 2 
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2 
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; 2 
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RMS SIGMA/WEIGHT 
NULL ; NULL 
NULL ; NULL 



PARAMETER FILE 1 
PARAMETER FILE 2 
TOPOLOGY FILE 1 
TOPOLOGY FILE 2 



PARAM19X. PRO 
PARHCSDX.PRO 
TOPHI 9X. PRO 
TOPHCSDX. PRO 



OTHER REFINEMENT REMARKS: NULL 

1PIN COMPLIES WITH FORMAT V. 2.2, 16-DEC-1996 

RESIDUES 1-5 AND 40-44 (WHICH LINK THE WW DOMAIN TO 
THE PPIASE DOMAIN) WERE NOT VISIBLE IN THE FINAL ELECTRON 
DENSITY MAP AND SO WERE NOT MODELLED. 



EXPERIMENTAL DETAILS 
EXPERIMENT TYPE 
DATE OF DATA COLLECTION 
TEMPERATURE ( KELVIN ) 

PH 

NUMBER OF CRYSTALS USED 



(Y/N) 



(M/L) 
(A) 



SYNCHROTRON 
RADIATION SOURCE 
BEAMLINE 

X-RAY GENERATOR MODEL 
MONOCHROMATIC OR LAUE 
WAVELENGTH OR RANGE 
MONOCHROMATOR 
OPTICS 



DETECTOR TYPE 
DETECTOR MANUFACTURER 
INTENSITY-INTEGRATION SOFTWARE 
DATA SCALING SOFTWARE 

NUMBER OF UNIQUE REFLECTIONS 
RESOLUTION RANGE HIGH (A) 
RESOLUTION RANGE LOW (A) 
REJECTION CRITERIA (SIGMA(I)) 



OVERALL . 
COMPLETENESS FOR RANGE 
DATA REDUNDANCY 
R MERGE 
R SYM 

FOR THE DATA SET : 18 



IN THE HIGHEST RESOLUTION SHELL. 
HIGHEST RESOLUTION SHELL, RANGE HIGH (A) 
HIGHEST RESOLUTION SHELL, RANGE LOW (A) 



X-RAY DIFFRACTION 

MAR-1996 

100 

7.5 

1 

Y 

SSRL 
7-1 
NULL 
M 

1.08 
NULL 
NULL 

IMAGE PLATE 
MARRE SEARCH 
DENZO 

o^rtij£jrn^i\ 

33672 
1. 35 
25.0 
NONE 



(%) 


: 95.5 




: 4.5 


(I) 


: NULL 


(I) 


: 0.053 



,35 
.39 
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LETTERS TO NATURE 



UPF2 and UPF3 genes 1315-17 . Finally, the MRT1 and MRT3 gene 
products, which are only required for deadenylation-dependent 
decapping 7 , appear to promote decapping following deadenyl- 
ation. These proteins may all directly affect the interaction of the 
decapping enzyme with each mRNA. Alternatively, modulation of 
decapping rate may occur by alterations in mRNP structure that 
affect the accessibility of the cap structure to the decapping 
enzyme. For example, control of decapping rate may occur 
through competition for the 5' cap structure between the eIF-4F 
cap binding complex and the decapping enzyme. Such a model is 
appealing in that it would provide a mechanistic basis for the 
observation that the translation and turnover of eukaryotic 
mRNAs are often coupled. □ 

Received 9 February; accepted 20 June 1996. 
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Structure of the WW domain of a 
kinase-associated protein 
complexed with a proline-rich 
peptide 

Maria J. Macias, Marko Hyvonen, Elena Baraldi, 
Johan Schultz*, Marius Sudolt, Matti Saraste 
& Hartmut Oschkinat 

European Molecular Biology Laboratory, Meyerhofstrasse 1, 
69117 Heidelberg, Germany 
* Forschungsinstitut fur Molekulare Pharmakologie, 
Alfred-Kowalke-Str. 4, 10315 Berlin, Germany 

t Mount Sinai School of Medicine, Department of Biochemistry, Box 1020, 
One Gustave L. Levy Place, New York, New York 10029-6574, USA 

The WW domain is a new protein module with two highly 
conserved tryptophans that binds proline-rich peptide motifs in 
vitro. It is present in a number of signalling and regulatory 
proteins, often in several copies 1 " 3 . Here we investigate the 
solution structure of the WW domain of human YAP65 (for Yes 
kinase-associated protein) in complex with proline-rich peptides 
containing the core motif PPxY (ref. 4). The structure of the 
domain with the bound peptide GTPPPPYTVG is a slightly 
curved, three-stranded, antiparallel p-sheet Two prolines pack 
against the first tryptophan, forming a hydrophobic buckle on the 
convex side of the sheet The concave side has three exposed 
hydrophobic residues (tyrosine, tryptophan and leucine) which 
form the binding site for the ligand. A non-conserved isoleucine in 
the amino-terminal flanking region covers a hydrophobic patch 
and stabilizes the WW domain of human YAP65 in vitro. The 
structure of the WW domain differs from that of the SH3 domain 
and reveals a new design for a protein module that uses stacked 
aromatic surface residues to arrange a binding site for proline- 
rich peptides. 

The WW domain forms a new family of protein modules 1 " 3 , 
analogous to the Src-homology-2 and -3 (SH2, SH3), pleckstrin- 
homology (PH) and phosphotyrosine-binding (PTB) domains 5-9 . 
It consists of ~38 amino acids 1 with a high content of hydrophobic, 
aromatic and proline residues (Fig. 1), and two highly conserved 
tryptophans (hence WW domain). Like other intracellular pro- 
tein modules, the WW domain is present in a variety of cyto- 
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skeletal and signal-transducing proteins, such as YAP65, 
dystrophin, ubiquitin-protein ligases, the transcriptional activator 
FE65 and proteins binding to formin 1 " 3,10 . It binds proline-rich 
peptides, as do SH3 domains 11,12 , and WW and SH3 domains may 
compete for binding to the same sequence motifs 10 . The WW 
domain of human YAP (hYAP) binds peptides with a consensus 
sequence PPxY in vitro 4 . A WW domain is necessary for control of 
epithelial sodium channels: carboxy-terminal deletions of the 
amiloride-sensitive channel cause Liddle's syndrome, a 
hereditary form of hypertension. The C terminus contains PPxY 
motifs that interact with a WW domain in the regulatory protein 
Nedd4 (refs 13, 14), indicating that WW domains may be alter- 
native recognition sites for proline-rich ligands. 

Several constructs of the WW domain hYAP with variable N- 
and C-terminal extensions were made and expressed in Escherichia 
coli. Although intact fusion proteins with glutathione-5-transferase 
(GST) were always obtained, only two could be purified after 
cleavage with thrombin (Fig. 1, bottom). Construct 1 was folded, 
as indicated by a number of amide proton signals between 8.5 and 
9.5 p.p.m. in the 'HNMR spectrum. From the multiple sequence 
alignment (Fig. 1), construct 2 should already contain the full- 
length domain, but its NMR spectrum did not show any amide 
resonances with chemical shifts larger than 8.5 p.p.m., the signals 
of the aromatic residues were not dispersed, and the two- 
dimensional spectra gave a peak pattern typical of a random coil. 
We therefore used construct 1 in all further experiments, which 
was also labelled with 13 C and ,5 N. 

We determined the structure of the hYAP WW domain in a 
complex with the proline-rich peptide GTPPPPYTVG. The 
domain structure consists of a twisted and slightly bent three- 
stranded antiparallel P-sheet (Fig. 2a) comprising residues 16-22, 
26-32 and 35-39. It is well ordered in the region L13-P42 (Fig. 2b 
and Table 1), where residues 14-17, 23-25, 33-34 and 40-42 
form well defined turns. Residues Y28 and W39 are located on the 
bottom side, and F29 and W17 are on the top side of the sheet 
(Fig. 2b j. The side chains of Y28 and W39 fill its concave side so 
that an almost flat hydrophobic surface is produced. The N and C 
termini of the domain meet on the convex side to form a 
hydrophobic buckle, in which the side chains of P14 and P42 are 
positioned opposite each other above W17. 

The stretches comprising residues 1-6, 8-12, and 43-50 show 
only few weak long- or medium-range nuclear Overhauser effects 
. (NOEs) (11 — 43, 43 45) and appear to be flexible. The core 
domain as defined by the sequence alignment has an exposed 
hydrophobic surface in the front of the buckle. This is covered by 
isoleucine at position 7 (red in Fig. 2b) like a snap fastener, with 
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Ykb2/T«ast- 
Ykb2/Yeaet- 
Yo61/Caeel- 
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DblO/Tobac 
Yfxl/Yeaat 
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ptG. 1 Sequence alignment of WW domains 

fern selected proteins. Residue numbers are Yap/Mouse- 1 143 
shown on the left, and accession numbers on Tap/Mouse- 2 210 
the right. Bottom, constructs 1 and 2 of the Rsp5/Y«a»t-i 220 
yyW domain from human YAP65; residue Rsp5/T«ast-2 322 
numbering is based on construct 1. Residues Rap5/Yeaot-3 379 
showing strong chemical shift changes upon 
peptide binding (>0.5 p.p.m.) are indicated in 
gd; those showing smaller changes 
(0.2 p.p.m.) are labelled in blue. Residues 
vYith a star above the sequence of construct 
i show NOEs to the ligand peptide. The iso- 

leucine residue at position 7 that is essential 5607/caeei-i 220 
for folding is in an open box. The domain 56G7/caeel-2 363 
boundaries originally proposed 1 are indicated 
by an arrow. 

METHODS. Both constructs were amplified by 
using the polymerase chain reaction (PCR) 
and cloned human YAP65 cDNA as template. 
Amplified fragments were cloned into GST 
fusion vector pGAT2 (J. Peranen and M.H., 
unpublished). The expressed fusion protein 

contains both a His-tag and GST, allowing double-affinity purification. The 
WW domain was released from the fusion protein by thrombin. AH DNA 
constructs were verified by dideoxy sequencing. Proteins were expressed in 
the E. cot! strain BL2KDE3) and purified by affinity chromatography on 
glutathione-Sepharose (Pharmacia), Ni 2+ -NTA-agarose (QIAGEN), and gel 



huma&YXP 65 : 
CONSTRUCT 1 
CONSTRUCT 2 



6SFEIPDDVTCSAGNEKAKTSS . GQREBXHHNDQTTTWQDERKAMLS 
C/TUCNSASOFWDGWBOAirrQD . G&Vra£HHKHKTVSWU)S&LDPRP 
TS S FKDQYOREfc PGWBRRTDNF . GERTY^CyDBRTJlTVXMKRPTLDQTE 
TQOTTSGLGEIWSGWRQRPTPE . f3RXYESaJ5HTOT4!1*VDERRQQYT 
QQQPVSQI/SPEBSGHKKRLTNT . AftV IdiiVUUifiTrjCTWiJDPRLPSSL 
PASQHFLSTSVQGPWERAISPN . KVPIXINHKTQTTCiroHEiarrKLT 
KSIWKEAKDAfl .^X833HTLTKKSTMKKEKKLIflQ 
KLISQEELLIjRENGWKAAKTAD . GKVY3TNPTTRETSWTIEAFKKKV 
GIDBSHSSPSyESDWSVHTHEK . pTPY2THNKVTfcQT3KIKP0VLKTP 
PLERSTSGQPCjQGQffKEFMSDD . GKPYSTHTI/nOCT^rV^PDGEEIT 
GPSYAPKDPTIJE*KPWKGLVDGTTGF X fc^cWHPETNDTQ YERPVPSSHA 
KAQSKSNPPO^S<3^VFDDEYtfTKYYOT 

MEIASSSQTPPESHWKTYLDAK . KRKF¥VKHVTKETrom^DTLNNN 
VWLFADXTQPEPSGWECITMHN . . RTVFLHHANKETSPTDPEIXRRPK 



X80508 
X80508 
L11119 
LI 1119 
L11119 
P11532 
P33203 
P33203 
P34600 
P34600 
D16247 
£46255 
£46793 
£46793 
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filtration on a Superdex-30 (Pharmacia) column (details of purification 
available on request). Relative molecular masses of purified proteins were 
determined by electrospray mass spectrometry. The three mutants were 
made toy PCR mutagenesis using construct 1 as a template; they were 
cloned and expressed as the wild-type protein. 
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FIG. 2 a, Secondary structure NOE pattern of 
the WW domain. Hydrogen bonds are indi- 
cated by dotted lines if the predicted inter- 
strand NOEs are present Series of COSY, 
NOESY and clean TOCSY 18 " 20 spectra of an 
unlabeled construct 1 with and without the 
peptide ligand (protein concentration 
1.2 mM, peptide:protein ratio 3:1, 10 mM 
potassium phosphate, pH 6, 100 mM NaCl, 
0.1 mM DTT, 0.1 mM EDTA, 0.02% NaN 3 ) 
were recorded at 600 MHz and 285 K and 
278 K, leading to nearly complete assign- 
ments. HCCH-TOCSY 21 and 3D "C-resolved 
NOESY 22,23 spectra were measured using 
PC, ^NJ-labelled protein and unlabelled 
peptide. Various "C/^C-filtered spectra 24 
were used to differentiate between intermo- 
tecular and intramolecular NOEs and to assign 
signals from the bound peptide. Owing to the 
broadness of the signals in the environments 
of the bound peptide and P42 (residue num- 
bering refers to construct 1; Fig. 1), a NOESY 
spectrum was recorded at 750 MHz in D 2 0. 
This yielded sharper lines and therefore addi- 
tional NOEs, especially between P14 and 
P42, and between the WW domain and the 
bound peptide, b, Superposition of 13 struc- 
tures with the lowest energy, showing the 
backbone of residues 17-P42 and the side 
chains of 17, P14, W17, Y28, F29, L30, H32, 
(33, W39 and P42. The side chain of 17 that is 
necessary for the folding of the domain is 
shown red, all others are yellow. The struc- 
tures were calculated using a standard simu- 
lated annealing protocol 15 and X-PLOR 16 . For 
structure statistic?, see Table 1. 
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FIG. 3 a, A model of the peptide/WW-domain complex drawn with 
MOLSCRIPT 25 . Only the residues of the peptide showing contacts to the 
protein are shown (P4'-V9'). The peptide was modelled by using ten 
intermolecular NOEs and restraining the conformation of the proline seg- 
ment into a polyproline type II polyproline. The side chains of the domain 
(carbon atoms in black) and ligand (in green) residues that are involved in 
the interaction are shown. Nitrogen atoms are blue, oxygen atoms red. b, c, 
The model of the complex drawn with GRASP 26 shows the van der Waals 
surface of the WW domain and the bound peptide ligand as a stick 
presentation. 

648 



contacts to F29, P14 and P42. This residue is outside the dorna' 
core and may be uniquely important for the stability of the hYAP 
WW domain as it is not conserved in the N-terminal flankj 
region (Fig. 1). n £ 
As the consensus of the hYAP WW ligand is PPxY (ref. 4) w 
used two peptides for structural studies (GTPPPPYTVG and 
SPPPYTV) that had this sequence at residues 4-7 and 2'~5' 
respectively (peptide residues are primed). The binding site for 
both peptides, as indicated by chemical shift changes (Fig. l) ail( j 
peptide-protein NOEs, corresponds to the area that is defined bv 
residues Y28, L30, H32 and six residues from D34 to W39 on the 
concave side of the domain. This area presents a large hydro- 
phobic patch on the protein surface formed by the side chains of 
Y28, L30, W39 and a number of threonine methyl groups. The 
pattern of intermolecular NOEs is formed by contacts between 
the ligand residues P5' and W39, Y7' and L30 and H32, and V9' 



TABLE 1 Structure statistics and binding constants of complexes 



Structure statistics 




Number of constraints 




sequential 


160 


medium- range 


87 


long-range 


219 


intramolecular 


30 


hydrogen-bond mimics (2 NOEs each) 


8 


intermolecular 


10 


Number of NOEs per residue (13-43) 


15 


X-PLOR potential energy (kcai rrr 1 ) 






184 ±5 




13 ± 1 


^angles 


92 ±4 


^Improper* 


7±2 




17±3 


^NOE 


44 ±2 


R.m.s.d. from ideal values 




angles 


0.60 ±0.02 


impropers 


0.41 ±0.02 



R.m.s.d. (A) between average <SA) and selected set of structures (SA) 
for residues 13-43 

Backbone Ail heavy 

(SA) versus (SA) 0.54 ± 0.20 0.90 ± 0.20 

Binding constants of mutant proteins and peptides 



Protein 


Peptide 


Binding constant (jiM) 


WT 


SPPPYTV 


47 ±6 


WT 


GTPPPPYTVG 


52 ± 6 


L30K 


SPPPYTV 


"n.b." 


L30K 


GTPPPPYTVG 


40 ±5* 


H32A 


SPPPYTV 


n.b. 


H32A 


GTPPPPYTVG 


n.b. 


Q35A 


SPPPYTV 


n.b. 


Q35A 


GTPPPPYTVG 


1 60 ± 1 8 


WT 


SPPPPATV 


n.b. 


WT 


SPPPPLTV 


n.b. 


WT 


SPPPPFTV 


118±17 


WT 


SAPPPYTV 


53 ±17 


WT 


SPAPPYTV 


n.b. 


WT 


SPPAPYTV 


n.b. 


wr 


SPPPAYTV 


63 ±17 
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SA, simulated annealing; WT, wild type; n.b. f no binding observed by 
fluorescence spectroscopy. Dissociation constants were determined by 
changes in the fluorescence emission spectra of our WW construct 1 upon 
addition of peptide at defined concentrations; calculations were made 
assuming formation of a 1:1 complex 17 . Fluorescence was measured at 
25 °C in an Aminco Bowmann series-2 luminescence spectrophotometer. 
Excitation wavelength was 298 nm, using a slit width of 2 nm. Fluorescence 
spectra were recorded from 310 to 360 nm wavelength, using a slit width of 
4 nm. The protein concentration was kept at 10 nM in a 40 mM phosphate 
buffer at pH 7.2. 

* This value does not agree with the other data and must be due to a 
structural rearrangement. 
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an d H32. The NOEs clearly define the orientation of the ligand 

neotide on the WW domain. 

•*Ke proline-containing part of peptide GTPPPPYTVG was 
^trained into a polyproline helix type II, and the structure of the 
complex was calculated using a standard simulated annealing 
nrotocol' 5 (X-PLOR 16 ) and the ten intermolecular NOEs as 
Constraints. The result shows smooth contacts between tht 
Ueand and the domain (Fig. 3). The central prolines P4 and P5 
contact W39, and the carbonyl group of P6' points towards the OH 
Soup of the conserved residue Y28. The peptide tyrosyl residue 
Y7' is accommodated in a hydrophobic pocket formed by 130 and 
H32 These contacts are well defined by six NOEs between the 
Somatic ring of Y7' and the side chains of L30 and H31 Y7 could 
form a hydrogen bond to the histidine ring but also to Q35 whose 
chemical shifts change strongly on peptide binding (Fig. 1). 

The aromatic residues at positions 39 and 28, a hydrophobic 
residue at position 30 and a histidine at position 32 all tend to be 
conserved (Fig. 1). Our structure shows that these are the residues 
that are in contact with the peptide. The importance of this 
hydrophobic surface is underscored by the low binding affinity 
of mutants H32A, L30K and Q35A to both peptides (except in one 
case, see Table 1; E.B. et al , unpublished results). The structure of 
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the mutants remained intact, as judged by their two-dimensional 
NMR spectra. The binding affinities of peptides in which the 
tyrosine residue of SPPPPYTV is substituted with alanine, leucine 
or phenylalanine show that the YAP domain is specific for a 
tyrosine-containing motif. In the first two cases there is no binding, 
and the peptide containing phenylalanine has only a weak affinity 
(Table 1) Thus, the tyrosine in the PPxY motif may be needed for 
the interaction of ligands with a set of WW domains. The importance 
of the polyproline motif is shown by the lack of binding when the 
two centre prolines in this peptide are replaced by alanines, 
whereas replacement of the first proline has no effect (Table 1). 

Our structure confirms the hypothesis 4 that the WW domain is a 
binding module for proline-rich ligands. The PPxY motif may not 
be the only ligand for WW domains: for instance, it is not present 
in the proline-rich tail of formin that interacts with SH3 and WW 
domains 10 , where sequence motifs such as PPxLP are found. The 
structure indicates that hydrophobic residues replacing tyrosine ot 
the ligand could be accommodated on the surface of those 
domains that contain hydrophobic residues other than leucine at 

P NoTadded in proof: An involvement of hYAP in retroviral 
budding through its WW domain was recently sugg ested . □ 
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Crystal structure of a PDZ 
domain 
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Pdz domains (also known as DHR domains or GLGF repeats) are 
~90-residue repeats found in a number of proteins implicated m 
ion-channel and receptor clustering, and the linking of receptors 
to effector enzymes'. PDZ domains are protein-recognition 
^modules; some recognize proteins containing the consensus 
fearboxy-teririinal tripeptide motif S/TXV with high specificity". 
lOther PDZ domains form homotypic dimers: the PDZ domait i of 
| the neuronal enzyme nitric oxide synthase binds to the PD4 
llomain of PSD-95, an interaction that has been implicated in its 
Synaptic association'. Here we report the crystal structure of the 
flhird PDZ domain of the human homologue of the Drosophto 
Wtiscs-targe tumour-suppressor gene product, DlgA. It consists of a 



five-stranded antiparallel P-barrel flanked by three a-hehces. A 
groove runs over the surface of the domain, ending in a conserved 
hydrophobic pocket and a buried arginine; we suggest that this is 
the binding site for the C-terminal peptide. 

The PDZ domain 6 is named after three of the proteins in which 
the repeats have been described: PSD-95 (postsynaptic density 
protein, M, 95K), Dig (discs-large protein) and ZO-1 (zonula 
occludens-1). These proteins have a conserved structure compris- 
ing three tandem PDZ domains, an SH3 domain and a guanylate- 
kinase-like domain. Other proteins that contain PDZ domains 
include certain protein kinases and protein tyrosine phosphatases, 
and neuronal nitric oxide (NO) synthase 1 . These domains appear 
to be protein-recognition modules analogous to the well charac- 
terized SH2 and SH3 domains. 

We crystallized a recombinant form of the third PDZ domain 
fPDZ-3) from human Dig and solved its structure at 2.8 A 
resolution using two heavy-atom derivatives and solvent flattening 
(Table 1). A complete model for the 96-residue domain has been 
builf in spite of a large proportion of glycine residues (13%), all ot 
the secondary structure elements and connecting loops are well 
ordered The domain is compact and globular, with a diameter ot 
25-30 A B-st rands 2-5 form an up-and-down P-barrel and strand 
Bl crosses over the barrel and hydrogen-bonds to p5; a short o- 
helix (al) and its connecting loop cap one end of the barrel; heluc 
„ caps the other end of the barrel, and a C-terrninal helu (o3) 
packs agamst the outside of the barrel (Figs, lfc and 2). Most of the 

Conserved residues (Fig. la) are hydrophobic, and form the core 
of the domain, which is exposed on one face (Figs 2, 36) /Tliere are 
mo exceptions: a conserved aspartic acid (D5 10) which ,s buned 
and foms a salt bridge to an arginine (R465); and an asparagine 
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the MAPK pathway is tyrosine-kinase dependent has not been 
reported in other cells. This cell-type specificity of signalling 
pathways is more likely to be a common theme rather than a 
variation. rj 
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The NIMA kinase is essential for progression through mitosis in 
Aspergillus nidulans 1 ^, and there is evidence for a similar pathway 
in other eukaryotic cells 5 " 8 . Here we describe the human protein 
Pinl, a peptidyl-prolyl cis/trans isomerase (PPIase) that inter- 
acts with NIMA. PPIases are important in protein folding, 
assembly and/or transport* -13 , but none has so far been shown 
to be required for cell viability 911 . Pinl is nuclear PPIase contain- 
ing a WW protein interaction domain, and is structurally and 
functionally related to Essl/Ptfl, an essential protein in budding 
yeast 1415 . PPIase activity is necessary for Essl/Pinl function in 
yeast Depletion of Pinl/Essl from yeast or HeLa cells induces 
mitotic arrest, whereas HeLa cells overexpressing Pinl arrest in 
the G2 phase of the cell cycle. Pinl is thus an essential PPIase that 
regulates mitosis presumably by interacting with NIMA and" 
attenuating its mitosis-promoting activity. 
One class of human complementary DNA clones identified in a 
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yeast two-hybrid screen for proteins interacting with NlNu 
encoded Pinl, a protein of relative molecular mass (Af r ) 18 245 
(Fig. la). Northern blotting showed a single - 1.0-kilobase (kb) 
PIN1 messenger RNA in all human cell lines tested (data not 
shown). Pinl is 45% identical to the budding yeast protein Essl/ 
Ptfl (refs 14,15), and contains a putative nuclear localization 
signal and two identifiable domains, an amino-terminal Wty 
domain and a carboxy-terminal PPIase domain (Fig. la). Th e 
WW domain, characterized by two invariant tryptophans, occurs 
in a variety of unrelated cell-signalling proteins 16 ; in Yap the W\V 
domain mediates protein -protein interactions by binding a Pro 
rich sequence 17 . Thus the Pinl WW domain may act as a protein 
interaction module that confers specificity to its catalytic domain 

The C tenninus of Pinl contains motifs characteristic of the newly 
discovered parvulin family of PPIases, which share little similarity 
with either the cyclophilins or the FK506-binding proteins 
(FKBPs) 1213 (Fig. la). Recombinant Pinl had concentration- 
dependent PPIase activity (Fig. lb), which, like parvulin 12 , was 
not inhibited by either cyclosporin A or an FK506 analogue (data 
not shown). Our results confirm that Pinl belongs to this family of 
PPIases 12 ' 13 . Previous failure to detect Essl/Ptfl PPIase activity 15 
might have been due to its high sensitivity to the chymotrypsin 
used in the assay. With the possible exception of yeast CPR3, 
which is required under restricted conditions 18 , no PPIase has yet 
been found to be essential for growth 9 " 11 . Here we show that Pinl/ 
Essl is required for normal growth. 

The striking sequence similarity between Pinl and Essl 
prompted us to test whether PIN1 substitutes for ESS1 in yeast 
cells. Diploid cells bearing one disrupted copy of ESS1 were 
transformed with a PIN1 expression plasmid or a control vector, 
followed by tetrad analysis (Fig. 2a). As expected 14 , tetrads from 
cells transformed with the control plasmid showed 2:2 segregation 
for spore viability (viable:inviable). In contrast, ~ 25% of tetrads 
from PIN1 -transformed cells showed 4:0 segregation, demonstrat- 
ing that PIN1 complements the essl' mutation in haploid cells. 
The growth rates of PIN1 -expressing essl~ cells were similar to 
those of control cells (Fig. 2a). In plasmid shuffle experiments, 
PIN1 also complemented the lethal defect in essl" /essl ~ diploid 
cells (data not shown). Thus human PIN1 substitutes functionally 
for ESS1 in both haploid and diploid yeast cells. 

To determine whether the PPIase activity of Pinl is necessary 
for its essential function, we tested whether PPIase domain 
mutants complemented essl~ yeast by tetrad analysis. Cells 
expressing wild-type Pinl showed 4:0 segregation for spore 
viability, whereas cells expressing Pinl with a C-terminal trunca- 
tion beyond Ser 114 (PINl-3'A) or with Ala substitutions in three 
highly conserved residues (PIN1-3A; G155A, H157A, I159A) 
showed 2:2 segregation, indicating a failure to complement the 
essl mutation (Fig. A plasmid shuffle assay gave similar 
results (data not shown). Immunoblot analysis showed that Pinl 
and Pinl-3'A were expressed at similar levels, whereas slightly less 
Pinl-3A was expressed (data not shown). Neither mutant protein 
had detectable PPIase activity when assayed in vitro (Fig. 2b). 
These results demonstrate that Pinl/Essl PPIase activity is 
required for cell growth. 

To determine the cell-cycle function of PIN1/ESS1 in yeast, we 
constructed a haploid essl' strain that expressed P1N1 under 
control of the GAL1 promoter (GAL1-P1N1). Regulated expres- 
sion of Pinl was confirmed by immunoblotting (data not shown). 
As expected, this PIN1 -dependent strain grew normally in 
inducing or partial -inducing medium but did not grow in repres- 
sing medium. Cells depleted of Pinl displayed a striking terminal 
phenotype: mitotic arrest followed by nuclear fragmentation. Cell 
division slowed 6 hours after shifting from inducing to repressing 
medium, and by 12 hours cells accumulated in the M phase with 2n 
DNA content and a large bud (Fig. 2c). Most cells contained 
nuclei stuck in the neck between mother and bud, although 
tubulin staining revealed a typical mitotic spindle (Fig. 2c, 
middle inserts). By 24 hours, ~ 80% of cells were arrested in M 
phase; they had low Cdc28 activity and lacked db2 (data not 
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FIG. 3 Pinl colocalizes with NIMA in the 
nuclear speckle and induces mitotic arrest 
when underexpressed in HeLa cells, a, 
tTA-1 cells were transfected with the indi- 
cated construct plus FLAG-tagged K40M 
NIMA280, which does not affect the cell 
cycle 7 and lacks the Pinl-interaction 
domain. Cells were stained with anti- 
FLAG tag M2 mAb and scored for cells 
with mitotic phenotype. In each case, at 
least 250 M2-positive cells were counted 
in random fields, b-d, tTA-1 cells trans- 
fected with PINl** plus FLAG-tagged 
K40M NIMA280 for 72 h were triply 
stained for transfected cells (b) using 
M2 mAb, for DNA (c) using Hoechst, and 
for the nuclear lamina (d) using anti-lamin 
A polyclonal antibodies. The arrows point 
to transfected cells identified by M2 stain- 
ing for K40M NIMA280, which is localized 
in the Golgi complex. Scale bar, 5 ^im. e-j, 
tTA-1 cells transfected for 24 h with the 
vectors expressing HA-tagged Pinl 
alone (e-g), or plus FLAG-tagged 
kinase-negative K40M NIMA {h-j), were 
doubly stained for Pinl using anti-HA tag 
12CA5 mAb (lgG2b) and for SC35 using 
anti-SC35 mAb (IgGl) or NIMA using anti- 
FLAG tagged M2mAb (IgGl). The two 
different antibody isotypes were probed 
with anti-lgG2b-Texas Red and anti-lgGl- 
FITC, respectively, followed by confocal 
microscopy. Double-staining for Pinl and 
SC35 or NIMA was displayed by super- 
imposing the respective images, with 
yellow indicating colocalization. Pinl was 
also colocalized with wild-type NIMA in 
NIMA-induced mitotic cells (data not 
shown). Arrows point to an untransfected 
cell, indicating very little crossreactivity 
among the antibodies. Scale bar, 1 jim. 
METHODS. PtNl cDNA was subcloned 
into the pUHD-P2 vector so that it was 
expressed with a single N-terminal HA tag 
or into the pUHD-Pl vector in the anti- 
sense orientation (P/ZVl^), transfected 
into tTA-1 cells (a HeLa-derived cell line), 
followed by indirect fluorescence micro- 
scopy, as described 7 . 
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shown), indicating that the arrest point was after cyclin B (Clb2) 
degradation. Arrested cells showed extensive nuclear fragmenta- 
tion, accompanied by collapse of the mitotic spindle; this began at 
~ 18 hours, and was essentially complete by 24 hours (Fig. 2c; data 
not shown). As expected, these phenotypes appeared earlier in 
cells that expressed lower initial Pinl concentrations (data not 
shown). Thus depletion of Pinl/Essl induces mitotic arrest and 
eventual nuclear fragmentation, suggesting that Pinl/Essl is 
required to inhibit entry into M and/or to promote exit from M. 

To examine Pinl function in human cells, haemagglutinin 
(HA)-tagged PIN1 and/or antisense full-length PIN1 (PIN1 AS ) 
was expressed in HeLa cells, followed by fluorescence microscopy 
and fluorescence-activated cell sorting (FACS) analysis, as 
described 7 . About 50% of cells overexpressing Pinl arrested in 
G2 5 whereas control cells not expressing Pinl (within the Pinl- 
transfected population) and vector-transfected cells displayed a 
normal cell-cycle profile (data not shown), indicating that over- 
expression of Pinl inhibits the G2/M transition. In contrast, cells 
transfected with PIN AS displayed mitotic phenotypes including cell 
rounding, chromatin condensation and nuclear-lamin disassembly 
(Fig. 3b~d). These phenotypes appeared 48 hours after transfec- 
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tion, and were evident in ~ 60% of cells by 72 hours, when the 
nucleus became fragmented in most cells. The F/TVi^-induced 
mitotic phenotype was dramatically reduced by coexpression of 
sense PIN1 cDNA. Because depletion of Pinl in yeast also 
induced a similar phenotype, these results indicate that Pinl and 
Essl have a highly conserved mitotic function. 

The mitotic function of Pinl prompted us to examine its 
subcellular localization. Pinl was almost exclusively nuclear, 
with a speckled appearance (Fig. 3e-g). These speckles were 
identical to those detected using anti-SC35 splicing factor mono- 
clonal antibody 19 (Fig. 3e-g). Thus Pinl is associated with the 
nuclear speckle, which is a key component of the nuclear scaffold 
or matrix and undergoes disassembly in mitosis 20 ; several other 
mitosis-related proteins are also associated with this structure. 
The fission yeast protein CDC28, required for M phase, is a 
splicing factor 21 . The yeast Dskl kinase, a suppressor of the 
mitotic disl mutant 22 , is homologous to a human mitotically 
active splicing factor kinase, Srpkl (ref. 23), and overexpression 
of Dskl delays the G2/M transition 22 . These results suggest that 
the reorganization of the nuclear speckle may be needed for entry 
into M phase. 
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FIG. 4 Pinl interacts with the NIMA essential protein-interacting domain 
(NID) and attenuates its mitosis-promoting activity when overexpressed in 
HeLa cells, a, b f Recombinant purified His-Pinl and different glutathione 
S-transf erase (G$T)-NIMA fusion proteins were analysed by sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) fol- 
lowed by Coomassie staining (a). GST-NIMA beads were incubated with 
His-Pinl for 2h and washed extensively. Pinl bound to the beads was " 
detected by Coomassie staining, followed by immunoblot analysis using 
Pinl-specific polyclonal antibodies (b). Based on Coomassie staining, 
about one-fifth of the Pinl input was precipitated by each GST-NIMA 
protein, c-e, tTA-1 cells were cotransfected with FLAG- NIMA and HA-Pinl 




24 h 



36h 



24 h 36h 



or control vector for 24 (c) or 36 h (d) and stained with M2mAb and 
Hoechst dye to examine the phenotype of NIMA-expressing cells under a 
fluorescence microscope, e, The percentage of cells with rounding and 
chromatin condensation scored in a sample of at least 250 M2- positive 
cells. Scale bar, 5 jim. 

METHODS, a, b, The PIN1 cDNA was subcloned into pET28a and different 
domains of NIMA 7 into a pGEX vector and the recombinant proteins were 
purified from bacteria using Ni 2+ -NTA or glutathione-agarose column, as 
described 30 . In vitro binding was performed at 4°C for 2 h in NP40 buffer 
(50 mM Tris-HCI, pH 8.0, 0.5% NP40, 200 mM NaCl, 20 mM |3-g1ycero- 
phosphate, 20 mM NaF, 0.1 mM sodium orthovanadate, BOngrrr 1 
phenylmethylsulphonyl fluoride, lOjigml" 1 leupeptin, 10 fig ml" 1 aproti- 
nin) containing 1 mg ml* 1 BSA, followed by washing 8 times with the buffer 
without BSA. Pinl was detected by immunoblot analysis using Pinl 
antibodies, which were generated in rabbits against the C-terminal 17 
residues. The antibodies specifically recognised an 18K endogenous Pinl 
protein in HeLa cell lysates. c-e, tTA-1 cells were cotransfected with FLAG- 
NIMA and HA-P//V1 or vector for 24 or 36 h, followed by fluorescence 
microscopy, as described 7 . 
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Manipulation of Pinl or NIMA functions induces strikingly 
similar, albeit reciprocal, phenotypes, suggesting that they are in a 
common pathway. Dominant-negative mutant NIMA induces G2 
arrest, whereas NIMA overexpression induces M arrest and 
nuclear fragmentation 1,3 - 5 ' 8 , with the arrest point being after 
cyclin B degradation if overexpressed in G2 (ref. 4). Pinl speci- 
fically interacts with the NIMA C-terminal regulatory domain in 
the two-hybrid system (data not shown). In vitro assays using 
recombinant proteins indicated that, although Pinl did not act 
as a substrate or a inhibitor of NIMA kinase (data not shown), it 
specifically interacted with residues 280-396 of NIMA (Fig. 4a, b) y 
which has previously been shown to be essential for NIMA in vivo 
function and proposed to be a protein-interacting domain 
(NID) 5,7 . Furthermore, Pinl and NIMA co-immunoprecipitated 
(data not shown) and colocalized in nuclear speckles in HeLa cells 
(Fig. 3h-j). Moreover, coexpression of Pinl and NIMA attenu- 
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Characterization of a novel protein-binding module— the WW 



domain. 

Sudol M, Chen HI, Bougeret C, Einbond A, Bork P. 

Laboratory of Molecular Oncology, Rockefeller University, New York, NY 
10021, USA. 

We have identified, characterized and cloned human, mouse and chicken 
cDNA of a novel protein that binds to the Src homology domain 3 (SH3) of 
the Yes proto-oncogene product. We subsequently named it YAP for Yes- 
associated protein. Analysis of the YAP sequence revealed a protein module 
that was found in various structural, regulatory and signaling molecules. 
Because one of the prominent features of this sequence motif is the presence 
of two conserved tryptophans (W), we named it the WW domain. Using a 
functional screen of a cDNA expression library, we have identified two 
putative ligands of the WW domain of YAP which we named WBP-1 and 
WBP-2. Peptide sequence comparison between the two partial clones 
revealed a homologous proline-rich region. Binding assays and site-specific 
mutagenesis have shown that the proline-rich motif binds with relatively 
high affinity and specificity to the WW domain of YAP, with a preliminary 
consensus that is different from the SH3-binding PXXP motif. This suggests 
that the WW domain has a role in mediating protein-protein interactions via 
proline-rich regions, similar but distinct from Src homology 3 (SH3) 
domains. Based on this finding, we hypothesize that additional protein 
modules exist and that they could be isolated using proline-rich peptides as 
functional probes. 
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Towards prediction of cognate complexes between the WW 
domain and proline-rich ligands. 

Einbond A, Sudol M. 

Department of Biochemistry, Mount Sinai School of Medicine, New York, 
NY 10029-6547, USA. 

The WW domain is a structured protein module found in a wide range of 
regulatory, cytoskeletal, and signaling molecules. Its ligands contain 
proline-rich sequences, some of which show a core consensus of XPPXY 
that is critical for binding. In order to gain a better understanding of the 
molecular and biological functions of WW domains, we decided to predict 
their cognate ligands by searching databases for proteins containing the 
XPPXY consensus. Using several axioms that take into account 
evolutionary conservation and functional similarity, we have identified four 
groups of proteins representing candidate ligands that signal through known 
or unknown WW domains. These include viral Gag proteins, sodium 
channels, interleukin receptors, and a subgroup of serine/threonine kinases. 
In addition, we proposed that dystrophin and beta-dystroglycan bind through 
the WW-XPPXY link and that interference with this interaction could result 
in muscular dystrophy. Our study provides guidelines for experiments to 
probe the molecular and biological functions of the WW domain-ligand 
connection. Should these predictions be proven empirically, the results may 
have important ramifications for basic research and medicine. 
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Structure and function of the WW domain. 
Sudol M. 

Mount Sinai School of Medicine, New York, NY 10029, USA 
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